Multivalency, the presence of multiple interfaces for intermolecular interactions, underlies many 15 biological phenomena, including receptor clustering and cytosolic condensation. One of its 16 ultimate purposes is to increase binding affinity, but systematic analyses of its role in complex 17 biological assemblies have been rare. Presence of multiple copies of the microtubule-binding 18 NDC80 complex is an evolutionary conserved but poorly characterized feature of kinetochores, 19 the points of attachment of chromosomes to spindle microtubules. To address its significance, 20
While modules containing a single NDC80 complex were unable to track depolymerizing 23 microtubules, modules with two or more complexes tracked depolymerizing microtubules and 24 stiffened the connection with microtubules under force. Cargo-conjugated modules of divalent or 25 trivalent NDC80 stalled and rescued microtubule depolymerization in a force-dependent manner. 26
Thus, multivalent microtubule binding through NDC80 clustering is crucial for force-induced 27 modulation of kinetochore-microtubule attachments. 28 stabilized microtubules using total internal reflection fluorescence (TIRF) microscopy ( Figure 1D  63 and Figure S2 ). The residence time of these assemblies on microtubules increased more than ten-64 fold for every additional NDC80 complex ( Figure 1D ). To simulate the binding of TS-NDC80 65 assemblies to microtubules in silico, we assumed transitions between the number of microtubule-66 bound NDC80 tethers based on the k on and k off rates of each individual NDC80. The initial 67 landing rate of an assembly on a microtubule was ignored so that each simulation started with a 68 single NDC80 bound to a microtubule and stopped after detachment of all NDC80s. Using the 69 reciprocal of the residence time of T 3 S 1 [NDC80] 1 as k off , stochastic simulations of the residence 70 times of mono-, di-, tri-, and tetravalent assemblies were used to determine k on ( Figure 1D) . A fit 71 to the data resulted in a k on of 2.6 s -1 . Assuming a TS-NDC80 assembly as a sphere, one NDC80 72 inside the sphere has a local concentration of 1.7 µM. This predicts a concentration-dependent 73 association rate of 1.5 µM -1 s -1 , a value that falls well within the published range of k on for free 74 To control the number of TS-NDC80 assemblies on the beads, we coated beads with a mixture 97 of poly-L-lysine-polyethylene glycol (PLL-PEG) and PLL-PEG-biotin. Using the fluorescence of 98
NDC80C
TMR or NDC80C FAM as a readout, we observed that the number of complexes on a 99
6
We next tested the relation between the number of bead-bound TS-NDC80 modules and the 130 stalling forces. Single trivalent T 1 S 3 [NDC80] 3 stalled microtubule depolymerization at about 1.5 131 piconewtons (pN). Stalling forces increased to maximal values of up to 5-6 pN with 100-1000 132 T 1 S 3 [NDC80] 3 modules per bead, but did not increase further with thousands of such assemblies 133 on a single bead ( Figure 3D ). These beads have an estimated minimum of 4 T 1 S 3 [NDC80] 3 134 modules in the proximity of a microtubule end. This organization might be optimal to couple the 135 energy from microtubule depolymerization into cargo movement: increasing the local NDC80C 136 concentration on the beads beyond that did not result in higher stalling forces. 137
Pooling of stall forces from beads coated with varying surface densities of T 1 S 3 [NDC80] 3 and 138 T 2 S 2 [NDC80] 2 resulted in 51 detachment events (71%) and 21 rescue events (29%) and revealed a 139 striking correlation between the amplitude of the stalling force and the probability of a rescue 140 event ( Figure 3E ). Interestingly, even a very dense coating of monovalent T 3 S 1 [NDC80] 1 on the 141 beads did not generate stalling forces higher than 3 pN ( Figure 3D ) and never rescued 142 microtubule shortening. Taken together, these results show that the controlled clustering of 143 NDC80 promotes efficient coupling of microtubule-generated force as well as force-dependent 144 rescue of microtubule shortening. 145
The ability of TS-NDC80 modules to slow down, stall, and rescue microtubule depolymerization 146 suggests that they interact with the very end of the shortening microtubule. To further assess the 147 mechanical properties of this interaction, we analysed the thermal fluctuations of trapped beads 148 before and during contact with the tip of the microtubule. For a trapped bead in solution, these 149 fluctuations are limited by the stiffness of the trap. For a trapped bead attached to a microtubule, 150 these fluctuations additionally reflect the mechanical properties of the microtubule-bead linkage. 151
During stalling, fluctuations along the microtubule were dampened compared to the signal across 152 the microtubule and compared to fluctuations before and after the microtubule pulled on the 153 bead ( Figure 4A ). This demonstrates an effective stiffening of the link between the bead and the 154 microtubule under force. To test if pulling on microtubules and NDC80 also altered fluctuations 155 of beads that do not interact with the depolymerizing ends, we attached beads decorated with 156 T 1 S 3 [NDC80] 3 assemblies either to the lattice of a microtubule away from the dynamic end, or7 of NDC80 complexes is enhanced when NDC80 molecules are interacting with depolymerizing, 164 presumably flared protofilaments, compared to when they are interacting with straight 165
protofilaments. 166
Kinetochore-associated fibrils that modulate the shape of depolymerizing microtubules at 167 attached kinetochores have previously been identified in vivo using electron tomography, and 168
force-induced straightening of protofilament flares has been suggested as a mechanism to convert 169 Huis in 't Veld, P.J., Jeganathan, S., Petrovic, A., Singh, P., John, J., Krenn, V., Weissmann, SEM. e) Distribution of stalling forces that were followed by bead detachment from the 341 microtubule (grey bars) or microtubule rescue (black bars). These distributions were used to 342 calculate the fraction of events leading to a force-induced rescue (right). 
Material and Methods 420 421

Protein Expression and Purification 422
Standard Gibson assembly or restriction-ligation dependent cloning techniques were used to 423 generate pLIB vectors with NDC80, NDC80 d80 , NDC80 d80 K89A K166A , NUF2, NUF2 K41A K115A , 424
SPC25
SORT-HIS , SPC24, and SPC24 SPY . Expression cassettes were combined on pBIG1 vectors 425 using Gibson assembly as described (Weissmann et al., 2016) OD 600 of 0.9 by adding 0.5 mM IPTG for 4 hours at 37 °C. Cells were washed in PBS and stored 449 at -80 °C. All subsequent steps were performed on ice or at 4 °C. Cells were thawed in 1,5 450 volumes of lysis buffer (PBS with 10 mM EDTA, 1 mM PMSF, 1% Triton X-100, 0.1 mg/ml 451 lysozyme), incubated for 60 minutes, lysed by sonication, and centrifuged at 10000g for 30 452 minutes. The supernatant was discarded and pelleted material was resuspended in PBS with 10mM EDTA and 1% Triton X-100, centrifuged as above, resuspended in PBS with 10 mM 454 EDTA, and centrifuged again. Washed inclusion bodies were resuspended in 6M Guanidine 455 hydrochloride pH 1.0 and cleared at 21130g for 10 minutes in 2 ml eppendorf tubes. Protein 456 concentrations were determined using absorbance at 280nm and the denatured T and S subunits 457 were mixed in an approximate 1:2 molar ratio. Refolding into T x S y tetramers was accomplished 458 by dropwise dilution and an overnight incubation in a 100x volume of stirring PBS with 10 mM 459 EDTA. This mixture was supplemented with 300 gr (NH 4 ) 2 SO 4 per liter and crudely filtered 460 using paper towels. T x S y tetramers were precipitated by doubling the amount of added (NH 4 ) 2 SO 4 461 and pelleted at 15000g or 17000g using a JA-14 or JA-10 rotor, respectively. The precipitate was 462 resuspended in 50 mM Boric Acid, 300 mM NaCl, pH 11.0 and dialysed to 20 mM Tris pH 8.0 463 using a SnakeSkin membrane with a 7 kDa molecular mass cut-off (ThermoFisher). The T x S y 464 mixture was loaded onto a 25 ml Source 15Q anion-exchange resin and eluted in 20 mM Tris pH 465 8.0 with a linear gradient from 100 mM to 600 mM NaCl in 8 column volumes at a flow rate of 1 466 ml/min. Relevant fractions were pooled, analyzed by SDS-PAGE followed by coomassie staining 467 (boiled and not-boiled), and further purified if required by size-exclusion chromatography using a 468 
Assembly of TS-NDC80 modules 474
A mixture of NDC80 and T x S y with a 3-4 fold molar excess of NDC80 per S subunit was 475 incubated for 12-20 hours at 10 °C in the presence of PMSF (1 mM) and protease inhibitor mix 476 (Serva). The formation of T x S y -SPC24 SPY y was monitored using SDS-PAGE followed by 477 coomassie staining (samples not boiled). We either used a sortase-labeled fluorescent NDC80 478 complex or included GGGGK-TMR peptide and a sortase 7M mutant (Hirakawa et al., 2015) 0.4 µM, and biotin-nanogold at 0.05 OD (520nm maximum absorbance; 1000x diluted from the 508 stock) was thereafter applied for 45 seconds to freshly glow-discharged 400 mesh copper grids 509 (G2400C, Plano GmbH) with a continuous carbon film. Grids were washed three times with 510 MRB80 buffer, once with freshly prepared 0.75 % uranyl formate (SPI Supplies), and then 511 stained with the uranyl formate for 45 seconds. Excess staining solution was removed by blotting 512 and the specimen was air-dried. Presented micrographs were recorded as described above. 513 514
Tubulin and microtubules 515
Digoxigenin-labelled tubulin was produced by cycling of porcine brain extract in high-molarity 516 PIPES (Castoldi and Popov, 2003) followed by labelling according to published protocols 517 (Hyman et al., 1991) . All other tubulins were purchased from Cytoskeleton Inc. GMPCPP-518 stabilized seeds were made by two rounds of polymerization to remove any residual GDP. 25 µM 519 tubulin (40% dig-tubulin) supplemented with 1 mM GMPCPP (Jena Biosciences) werein 75% of the initial volume of MRB80 (80 mM K-Pipes pH 6.9 with 4 mM MgCl 2 and 1 mM 522 EGTA) and depolymerized on ice for 20 min. After that the solution was supplemented with 1 523 mM GMPCPP and polymerized again for 30 min at 37°C. Microtubule seeds were sedimented 524 again, resuspended in 50 µL of MRB80 with 10% glycerol, aliquoted and snap-frozen in liquid 525 nitrogen for storage at -80C for up to 2-3 months. 526
Taxol-stabilized microtubules were made by polymerizing 50 µM tubulin (8% dig-tubulin, 3-6% 527
Hilyte-647 tubulin) in the presence of 1 mM GTP 30 min at 37°C, then 10-25 µM taxol was 528 added for another 30-60 min. Polymerized tubulin was then sedimented in Beckman Airfuge (3 529 min at 14 psi) and resuspended in 50 µL MRB80 supplemented with 10 µM taxol. 530
531
TIRF microscopy 532
Coverslips were cleaned in oxygen plasma and silanized as described (Volkov et al., 2014) . Flow 533 chambers were constructed by a glass slide, double-sided tape (3M) and silanized coverslip and 534 perfused using a pipet. The chambers were first incubated with ~0.2 µM anti-DIG antibody 535 (Roche) and passivated with 1% Pluronic F-127. Then taxol-stabilized microtubules (300 µL 536 diluted 1:30-1:600) were introduced followed by the reaction mix and the chambers were sealed 537 with valap. The reaction mix contained MRB80 buffer with 1 mg/ml -casein, 10 µM taxol, 4 538 mM DTT, 0.2 mg/ml catalase, 0.4 mg/ml glucose oxidase and 20 mM glucose, supplemented 539 with 10-35 pM of TS-NDC80. For experiments with dynamic microtubules the taxol 540 microtubules were substituted with GMPCPP-stabilized microtubule seeds, and the reaction mix 541 (short of taxol) was supplemented with 8 µM tubulin (4-6% labeled with HiLyte-647), 1 mM 542 GTP and 0.1% methylcellulose. In all experiments the reaction mix was centrifuged in Beckman 543
Airfuge for 5 min at 30 psi before adding to the chamber. 544
Imaging was performed at 30°C using Nikon Ti-E microscope (Nikon) with the perfect focus 545 system (Nikon) equipped with a Plan Apo 100X 1.45NA TIRF oil-immersion objective (Nikon), 546 iLas 2 ring TIRF module (Roper Scientific) and a Evolve 512 EMCCD camera (Roper Scientific). 547
Images were acquired with MetaMorph 7.8 software (Molecular Devices). The final resolution 548 was 0.16 µm/pixel. The objective was heated to 34°C by a custom-made collar coupled with a 549 thermostat, resulting in the flow chamber being heated to 30°C. 550 551
Image analysis 552
All images were analysed using Fiji (Schindelin et al., 2012) . Kymographs were produced by a 553 custom macro that creates an average projection perpendicular to a selected line through a reslice 554 operation. Resulting kymographs were then analysed using a custom script in MatLab R2013b. 555
Each horizontal line of the kymograph was fitted with a Gaussian function, with its peak being 556 the central position of the fluorescent spot, and the area under the curve being the spot intensity. 557
Fluorescence intensity of the spot before the first bleach event was averaged to obtain the initial 558 intensity of the spot. Height of the individual bleach event was determined by obtaining the 559 bleaching traces of TS-NDC80 modules diffusing on taxol-stabilized microtubules, then 560 smoothing these traces with the Chung-Kennedy filter as described (Chung and Kennedy, 1991; 561 Before each experiment, 10 µL of PLL-PEG-coated beads were washed using washing buffer 580 (MRB80 with 2 mM DTT and 0.4 mg/ml casein), resuspended in 10 µL and mixed with 10 µL of 581 NDC80C oligomer in the same buffer. Incubation was performed for 1 hr on ice with frequent 582 pipetting, then the beads were washed 3 times and resuspended in 30 µL of washing buffer. Flow 583 chambers with GMPCPP-stabilized seeds were prepared as described above, the reaction mix 584 contained MRB80 buffer with 10-12 µM tubulin, 1 mM GTP, 1 mg/ml -casein, 4 mM DTT, 585 0.2 mg/ml catalase, 0.4 mg/ml glucose oxidase and 20 mM glucose. This reaction mix was 586 centrifuged in Beckman Airfuge for 5 min at 30 psi, and then 1 µL of beads suspension was 587 added to 14 µL of the reaction mix, added to the chamber and the chamber was sealed withTo measure bead brightness, the beads were washed twice in MRB80 buffer, resuspended in 10 590 µL and a 4 µL drop was placed on a plasma-cleaned coverslip. The coverslip was then put on top 591 of the slide and sealed with valap. Beads were imaged using brightfield and laser epifluorescence 592 to get the positions and fluorescence intensities of all beads, respectively. Fluorescence intensity 593 of a single fluorophore for normalization of bead fluorescence was obtained as described 594 (Volkov et al., 2014) . 595
596
Laser tweezers and experiments with the beads 597 DIC microscopy and laser tweezers experiments were performed using a custom-built instrument 598 described elsewhere (Baclayon et al., 2017) . Images were captured using Andor Luca R or 599
QImaging Retiga Electro CCD cameras and MicroManager 1.4 software. At the start of each 600 experiment 50 frames of bead-free fields of view in the chamber were captured, averaged, and 601 used later for on-the-fly background correction. The images were acquired at 8 frames per 602 second, subjected to background substraction and each 10 consecutive frames were averaged. force, or beads attached to more than one microtubule were discarded. X and Y coordinates 617 from the QPD recordings were then rotated to correspond to the directions along and across the 618 microtubule. A portion of the signal corresponding to microtubule pulling was downsampled to 1 619 kHz and smoothed with a Chung-Kennedy filter (Chung and Kennedy, 1991; Reuel et al., 2012) . 620
The stall force was determined as the difference between the stall level and the free bead level innonlinear increase of the force as a function of the distance from the trap center (Simmons et al., 623 1996) . 624
To calculate the effective stiffness of the link between the bead and the microtubule, we have 625 measured the variance <var> of the signal along the microtubule during stall (for microtubules 626 pulling on the bead), or during a pause in the piezo-stage motion (for control experiments). 627
Stiffness was then calculated as k B T/<var>. 628 629
Computer simulation of lifetimes 630
Simulations were performed using Gillespie algorithm (Gillespie, 1977) T1S3  T0S4   T3S1  T2S2  T1S3  T0S4   T3S1  T2S2  T1S3  T0S4  T3S1  T2S2  T1S3  T0S4   T3S1  T2S2  T1S3  T0S4   NDC80   NUF2   SPC25 beads that follow the dynamic microtubule tip
